Mitochondria1 DNA (mt DNA) from a patulin producer, Penicillium urticue (synonym P. griseofulvum), was 27.8kb+0.6kb in size by electron microscopy and 27.2kb by agarose gel electrophoresis. Restriction endonuclease maps for nine restriction enzymes were constructed, and eleven fragments which. covered the total range of themt DNA were cloned into the Escherichk coli plasmid vector pUCl9. Southern analysis of the native genomes of P. urtkue amlE chrysogenum with six of the cloned fragments as probes indicated similar genome arrangements as well as similar restriction mps.=.Both.the large and small rRNA genes of P. urticae and P. chrysogenum were located on these restriction maps using Southern hybridization,.and the result also supported the similar arrangement. Agaroselformaldehyde gel electrophoresis indicated that the small rRNA was 1.5 kb in size in both species; but, surprisingly, the large rRNA was 4.2 kb in size for P. d a e and 3.5 kb for P. chrysogenum.
Introduction
Penicillium chrysogenum and P . urticae (synonym P . griseofulvum) are industrially important filamentous fungi which produce penicillin and griseofulvin, respectively (Mantle, 1987) . Moreover, P. urticae produces a mycotoxin, patulin, whose biosynthetic pathway is a model for 'polyketide' secondary metabolites (Sekiguchi & Gaucher, 1978; Sekiguchi et al., 1983; Zamir, 1980 . These results suggested that P. chrysogenum mt DNA varies widely in size and genome order.
In the filamentous fungi, mt ribosomal RNAs (mt rRNAs) of Neurospora crassa (Green et al., 1981; Mahler, 1983) and Aspergillus niddans (Kiichel & Kfintzel, 1981 ; Dyson et al., €989) have been extensively investigated, and recently the autocatalytic Abbreviations : ARS, autonomously replicating segment ; mt, mitochondrial.
splicing mechanism of the large rRNA has been focused on Lambowitz, 1989) . However, there are no reports about even the basic properties of rRNA from the genus Penicillium.
In this study, we characterized mt DNAs and rRNAs from P . urticae and P . chrysogenum and compared them by restriction mapping and Southern hybridization, and by localization of ARSs and rRNA genes.
Methods
Organisms and culture conditwns. A patulin producer, Penicillium urticae NRRL 21 59A, and two p e n i c i h producers, Penicillium chrysogenum NRRL 1951 and IAM7119, were used. For slant cultures, glucose/yeast extract agar medium (Sekiguchi & Gaucher, 1977) was used. For submerged cultures, MGG medium [50 g glycerol, 5 g yeast extract (Difco), 0.3 g glucose, 2 g KH2P04, 1 g MgSO,. 7H@ and 1 g (NH,)*SO4 per litre (pH6.5)] was used. A suspension of P. urticae conidia was inoculated into a 3 litre Sakaguchillask containing 1 litre of MGG medium, followed by incubation at 28°C with shaking at 125 r.p.m. (incubator type MIND; Taiyo). Escherkhia coli JM109 recAI A(1ac-proAB) endAI gyrA96 thi-1 hsdRI7 supE44 relA1 A-IF: fraD36proAB lacPsZAM151 (Yanisch-Perron et al., 1985) obtained from Takara was used as the recipient in cloning experiments. Sacckaromyces cerevisiae SHY3 a ste-VC9 ura3-52 trpl-289 leu2-3 leu2-112 his3-A1 adel-101 canl-100 (Botstein et al., 1979) Isolation of mt DNA. This was done basically as described by Stepien et al. (1978) , except that the mycelia were disrupted in liquid nitrogen with an Ace homogenizer (Nissei). mt DNA was purified by DAPI (4',6-diamidino-2-phenylindole, Sigma)/CsCl or Hoechst 33258 (Sigma)/CsCl density-gradient ultracentrifugation as described by Cummings et al. (1979) .
Isolation of total rRNAs and rnt rRNAs. mt rRNAs were prepared as described by Wright et al. (1982) . Total rRNA was isolated from homogenized mycelia. One-tenth volume of 6 M-urea solution containing 3 M-Licl was added to the homogenized solution and incubated at 0 "C overnight. After centrifugation at 16000g for 20 min at 0 "C, the pellet was resuspended in 10 vols 03% (w/v) SDS/lOm-Tris/HCl (pH 7-6) and extracted with chloroform/isoamyl alcohol (24 : 1, v/v). The RNA was precipitated with ethanol and kept at -80 "C in 70% (v/v) ethanol.
Electron microscopy. Samples were prepared by a slight modification of the spontaneous-adsorption method (Lang & Mitani, 1970) . Plasmid pBR325 was used as a size reference.
Restriction enzyme analysis.
Restriction endonucleases were purchased from Nippon Gene Co. and used according to the recommendations of the supplier.
Transformation of E. coli and S. cerevisiae. Transformation of E. coli JM109 and S. cerevisiae SHY3 was done as described by Silhavy et al. (1984) and Ito et al. (1983) , respectively.
Cloning of mt DNA. Standard cloning procedures were done as described by Maniatis er al. (1982) . Eleven clones which covered the total range of mt DNA of P . urticae were constructed in E. coli JM109 as follows. Total mt DNA from P. urticue was digested with EcoRI or HindIII, and cloned into the corresponding site of pUC19. The resultant pME4 and pME5 contained the 3.0 kb and 2.0 kb EcoRI fragments of P. urticae mt DNA, respectively, and pMH2 and pMH7 contained the 4-7 kb and 1.4 kb HindIII fragments, respectively. For construction of pMH4, pMH5 and pMH6, the 2-45 kb and 1-9 kb Hind111 fragments were separated by agarose gel electrophoresis and cloned into the HindIII site of pUC19. A NcoI site was found in the 1.9 kb HindIII fragment of pMH6, but not in that of pMH5. For pME22, mt DNA digested with EcoRI and PstI was cloned into the EcoRI and PstI sites of pUC19. pME22 contained the 1-9 kb EcoRI-PstI insert. For pMB1, the 5.5 kb BamHI-SalI fragment separated by gel electrophoresis was cloned into the BumHI and SalI sites of pUC19. For pMP3, the 2.7 kb PstI fragment purified from PstI-digested mt DNA fragments was further digested with Sad, and cloned into the PstI and Sac1 sites of pUC19. For pMEI2, the 8.4 kb EcoRI fragment purified from EcoRIdigested mt DNA fragments was further digested with BamHI, and cloned into the EcoRI and BumHI sites of pUC19. pMP3 and pME12 contained the 1.9 kb PstI-Sac1 and 3.4 kb EcoRI-BamHI fragments, respectively.
Gel electrophoresis of restriction fragments. Gel electrophoresis of restriction DNA fragments was done on submarine 1 % (w/v) or 0.3% agarose (type LO-3 and B; respectively; Nippon Gene) gels in a running buffer t0.04 M-Tris/HCI (pH 8.1)/2 m~-EDTA] as described by Sharp et al. (1973) .
Southern blot hybridization. The DNA probe was labelled with a nicktranslation kit (Nippon Gene) containing [a-32P]dATP (HAS). DNA fragments which had been separated by electrophoresis on 1 % agarose (Maxam & Gilbert, 1980) . Electron microscopy of mt DNA of P . urticae 2159A mt DNA from P . urticae 2159A was purified from the upper band after DAPI/CsCl or Hoechst 33258/CsCl ultracentrifugation. An electron micrograph of the mt DNA and pBR325 (5.996 kb; as an internal standard) is shown in Fig. 1 . A mt DNA solution prepared by mild disruption of mycelia (30 s homogenization) contained an increased number of circular molecules and moderately degraded size-heterogeneous linear fragments. A histogram of the contour lengths of the circular molecules showed two peaks, corresponding to pBR325 (2.0 & 0.1 pm, n = 41) and mt DNA from P . urticae (9.24 & 0-20 pm, n = 15), respectively. From these results, the molecular size of mt DNA was 27.7 & 0.6 kb. 6 Fragment nos 6 and 7 were overlapped.
Restriction enzyme analysis of mt DNAs from P . urticae 2159A, and P . chrysogenum 1951 and 7119 Table 1 shows the DNA fragment sizes of P. urticae and P . chrysogenum generated by the restriction endonucleases used in this study. For accurate measurement of the large fragment sizes, 0.3% agarose gels were used. The mean total genome size of P . urticae mt DNA calculated from the fragment sizes listed for all enzymes was 27.2 kb, which agrees excellently with the size calculated from electron microscopy. Fig. 2) . Comparison of the restriction maps of P. urticae and P . chrysogenum indicates that the mt DNA molecules of these species resemble each other (Fig. 2) . The sizes of mt DNAs from the genus Penicillium are similar to those of A. niduZans (31.5 kb) and Cephalosporium acremonium (27 kb), but much smaller than those of other asmmycete genera (Grossman & Hudspeth, 1985) .
Cloning ofmt DNA fragments from P . urticae P. urticae mt DNA fragments were cloned as described in Methods. Fragment identities were confirmed by agarose gel electrophoresis and Southern hybridization (data not shown). Fig. 2 shows clones containing mt DNA fragments. The eleven clones covered the total range of mt DNA of P . urticae.
Southern hybridization of mt DNA from P . chrysogenum I951 with the cloned P . urticae mt DNA fragments as probes
To compare the genome order of mt DNA between P.
urticae and P . chrysogenum, P . chrysogenum 1951 mt DNA digested with EcoRI, HindIII, or EcoRI + HindIII was separated by agarose gel electrophoresis, and Southern transfer and hybridization were done with pME4, pME5, pME12, pMH2, pMH4 and pMBl as probes. The results are shown in Figs 3 and 4, and summarized in Fig. 2 . The probe pME4 hybridized to the EH6 fragment and weakly to the EH3 fragment (fifth and third bands from the top in lane 3, respectively) (Fig.  3, lane 6) . The probes pME5, pMH2, and pME12 hybridized to EH3, EH2 and EH5 (third, second, and fourth bands from the top in lane 3, respectively) (Fig. 3 , lanes 9, 12 and 15). The probes pMBl and pMH4 hybridized to EH1 and EH4 (first and third bands, respectively, from the top in Fig. 4 , lane 4) (Fig. 4 , lanes 7 and 10). Thus the mt DNA fragments of P. urticae hybridized at similar regions of mt DNA of P. chrysogenum 1951 (Fig. 2) . These results indicate a similar genome order in these two species.
plasmids were designated as Y1~5E5~ and YIp5E12, respectively. These plasmids were used to transform S. cerevisiae SHY3 by the method with alkali cations (It0 et ARSs of mt DNA from P . urticae mt DNA from P, chrysogenum BC2 had at least three regions of autonomous replication function (ARSs) in S. cerevisiae (E4, E5, and H1 in Fig. 2 11; Stahl et al., 1987) . Fragments estimated from the restriction map to contain the corresponding region were tested for ARS activity.
The 2.0 kb EcoRI fragment (E5) of pME5 and the 3-4 kb EcoRI-BamHI fragment (part of El) of pME12 of mt DNA from P . urticae were subcloned to the EcoRI site, and the EmRI and BamHI sites, respectively, of YIPS, which lacks a replication origin in S. cerevisiae. The new al., 1983) . Ura+ transformants were obtained with YIp5E5 and YIp5E12 at frequencies of 7.4 x lo2 and 2.3 x lo2 per p,g DNA, respectively, but no transformants were obtained with control YIp5 (< 1 Fg-l). To determine whether the plasmids had been modified, four transformants were randomly chosen from each transformation and used for mini-prep plasmid isolation (Hoffman & Winston, 1987 the E. coli transformants (data not shown). These results indicated that ARS activities in mt DNA of P. urticae are located. in the 2.0 kb EcoRI fragment (E5) which is homologous to E4 of P . chrysogenum (Fig. 2, 11) , and in , 1 2 3 4 5 6 7 8 Fig. 5 . Electrophoresis of mt rRNAs and cytosol rRNAs from P. urtzcae and P. chrysogenum on 1% agarose gel containing 2 2 Mformaldehyde. Lane 1, RNA size markers (7-4, 53,243, 1.9 and 1.6 kb; Boehringer). Lane 2, cytosol rRNAs from S. cerevisiae AH22, as a control. Lanes 3, 5 and 7, cytosol rRNAs of P. urticae 2159A, P. . Fig. 6 . Agarose gel electrophoresis of restriction enzyme digested mt DNA fragments from P. urticae and P . chrysogenurn (a) and Southern hybridization analysis with small mt rRNA as a probe (b). Small mt rRNA was separated on agarose/formamide gel, and extracted and purified as described in Methods. Labelling of small mt rRNA was performed with T4 polynucleotide kinase and [y-32P]ATP, after the removal of 5' phosphate by treatment with calf intestine alkaline phosphatase. Southern transfer and hybridization were done as described in Methods and the results are shown in (b). Lane 0 is HindIIIdigested 1 DNA, lanes 1,4 and 7 are EcoRIdigested mt DNAs, lanes 2, 5 and 8 are HindIIIdigested mt DNAs, and lanes 3,6 and 9 are EcoRI-and HindIII-double-digested mt DNAs. Lanes 1 to 3,4 to 6, and 7 to 9 are mt DNAs from P. urticae 2159A, P . chrysogenum 71 19 and P . chrysogenurn 1951, respectively. Lanes 1 to 9 in (a) correspond to lanes 1 to 9 in (b). The third and fifth bands in lane 3 contain overlapped fragments (EH3 and EH4, and EH6, EH7 and EH8, respectively). Overlapped fragments for P. chrysogenum shown in lanes 5,6,8, and 9 are explained in the legend of Fig. 3 .
the 3:4 kb EcoRI-BamHI fragment (part of El). These ARSs were defined as putative replicons only for yeast, but they may be functional in homologous and heterologous systems as described by Tudzynski tk Esser (1 985).
Molecular sizes of mitochondria1 rRNA large and small fragments from P. urticae and P . chrysogenum strains Fig. 5 shows the agarose/formaldehyde gel electrophoresis of mitochondrial and cytosol rRNAs from P. urticae and two strains of P . chrysogenum. The molecular sizes of large and small cytosol rRNAs were 3.4 and 1.8 kb, respectively, among the three penicillia and S. cerevisiae. For mitochondrial rRNAs, the size of the small subunit was 1-5 kb among the three penicillia, but the larger subunit was 4.2 kb in P. urticae, and 3.5 kb in P . chrysogenum. This surprising result is not caused by an artifact of isolation or electrophoresis. Three repeated experiments supported the above results. The size of cytosol rRNAs in S . cerevisiae was identical to the published results (Georgiev et al., 1981; Rubtsov et al., 1980) . Moreover, electrophoresis on glyoxal gels (Maniatis et al., 1982) also supported the above sizes (data not shown). Since the similarity in genome orders and restriction maps of mt DNA between P. urticae and P . chrysogenum suggests high conservation of mt DNA, it is interesting that the size of the rRNA large subunit was very different between them.
Location of large and small mt rRNA genes
Southern hybridizations of mt DNAs from P . urticae 2 159A, and P. chrysogenum 7 1 19 and 195 1, with labelled small mt rRNA from P . urticae are shown in Fig. 6 . The hybridization pattern of P. chrysogenum 195 1 was identical to that of 71 19. The small rRNA hybridized to the H2 fragment of P . urticae (second band from the top in lane a-2) and H2 of P . chrysogenum (second band in lanes a-5 and a-8). However, the probe hybridized to neither H7 nor H8 of P . urticae (sixth and seventh bands in lane a-2, respectively), nor to H8 or H9 from P . chrysogenum (seventh and eighth bands, respectively, in lanes a-5 and a-8). Thus the small mt RNA genes of P . urticae and P . chrysogenum were confined to the 4.7 kb fragment (H2 and EH2 in Fig. 2, I ) and 4.6 kb fragment (H2 and EH2 in Fig. 2, 11) , respectively. The large rRNA hybridized to the H5 and/or H6 fragment(s) (1.9 kb; fifth band from the top in Fig. 7a , lane 2) and weakly to H4 (fourth band in lane a-2) from P . urticae. When the Hind111 fragments were digested with NcoI, the probe hybridized to H5, and also to the 1.4 kb and 0.5 kb HindIII-NcoI fragments derived from H6. Hybridization to two PstI fragments (14.0 and 10.5 kb) was also observed (data not shown). For P. chrysogenum, the large rRNA also hybridized to H6 and H7 (sixth band in lanes 5 and 8; unpublished result) and weakly to h5 (fifth band). Thus the large mt rRNA genes were confined to the 6.3 kb region (H4-H6) in P . urticae (Fig. 2, I ) and to the 5.8 kb region (H5-H7) in P . chrysogenum (Fig. 2, 11) . These results indicate that the large and small mt rRNA genes of P . urticae are located in a similar region and support the above conclusion of the similar genome arrangement of mt DNA in P . urticae and P . chrysogenum. The minimal distance between the two mt rRNA genes was 1.36kb for P. urticae and 1-25 kb for P . chrysogenum, whereas the distance was 3.1 kb for A. nidulans (Netzker et al., 1982) .
Discussion
Fungal mitochondrial genomes vary in length between 18.9 kb and 121 kb (Grossman & Hudspeth, 1985) . In the genus Aspergillus, wide variation of the mitochondrial genome size (26 to 42 kb) was estimated from the sum of the restriction fragment sizes (Kozlowski & Stepien, 1982) . In P. chrysogenum, previous reports indicated that the genome sizes of mt DNA were 32.2 MDa (49 kb) for strain NRRL 1951 and 27.1 kb for strain BC2, and the restriction enzyme pattern was quite different between these strains (Smith et al., 1984; Stahl et al., 1987) . However, our results indicated similarities in size and restriction map of mt DNA between P . chrysogenum BC2, and P. chrysogenum NRRL 1951 and IAM 71 19 (Fig. 2) , and the latter two genomes were identical in restriction map and genome order (Figs 2,6 and 7) . Since our cleavage pattern of mt DNA of P . chrysogenum 1951 was very clear (Figs 6 and 7) , the conflicting result by Smith et al.
(1 984) might have been caused by their crude mt DNA preparations and/or incomplete digestion.
Comparison of mitochondrial genomes between P . urticae and P . chrysogenum indicated similar genome sizes and arrangements, including locations of rRNA genes and ARSs (Figs 3, 4, 6 and 7). P. urticae and P . chrysogenum had common sizes of cytosol rRNAs, which were also similar to those of S. cerevisiae (Fig. 5) . For mt rRNA, the size of the small subunit from P . urticae was also similar to those from P . chrysogenum (Fig. 5 ) In spite of the extensive homology of the mt DNAs and the small subunits of rRNAs between P . urticae and P . chrysogenum (Figs 2  and 5) , the large subunit of mt rRNA was markedly different in size (4-2 kb for P. urticae and 3.5 kb for P. chrysogenum) (Fig. 5) . The large subunit in P . urticae mitochondria was 1-1 kb larger than that in the closely related fungi A . nidulans (Dyson et al., 1989) and N . crassa (Green et al., 198l) , 0-8-0.9 kb larger than that in S . cerevisiae (Dujon, 1980; Sor & Fukuhara, 1983 ) and at least 0-5 kb larger than those in plants (Leaver & Gray,  1982; Falconet et al., 1985) . The 4.2 kb size of the large mt rRNA in P . urticae is, to our knowledge, the largest that has ever been described for mt rRNAs. The markedly larger size was not caused by the mutation of the wild-type P . urticae NRRL 2159 to the albino NRRL 2159A, since their mt rRNAs migrated similar distances on agarose/formaldehyde gel electrophoresis (data not shown).
The size difference of mt rRNA may be caused by a nuclear mutation. Ir, :m paper we have presented evidence for a ccmplete clone bank of mt DNA from P. urticae and for the presence of ARSs functional in S. cerevuiae. This c?one bank will be utilized for elucidating replication Ci.-nctions in A. nidulans and P . urticae and sequencing the r R h 4 gene of P urticae. Now our research is directed toward the splicing mechanism of large subunits of mt PR N As from P. urticae and P chrysogenum. 
